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Introduction
Multiple sclerosis is a chronic inflammatory disorder of the CNS that is characterized by demyelination, axonal injury, and progressive neurodegeneration (Compston and Coles, 2002; Lassmann et al., 2012; Dutta and Trapp, 2014) . During the early stage of multiple sclerosis, most patients experience episodes of inflammatory attack and demyelination between intervals of inflammation-resolution and myelin regeneration (remyelination). Remyelination is a process by which oligodendrocyte precursor cells migrate to and proliferate in CNS lesions, and differentiate into oligodendrocytes for myelin replacement (Lassmann et al., 1997; Franklin and ffrench-Constant, 2008) . This spontaneous regenerative response is critical for limiting the axonal dysfunction that otherwise occurs with myelin loss (Irvine and Blakemore, 2008; Huang and Franklin, 2012; Chamberlain et al., 2015) . However, with disease progression, remyelination becomes increasingly impaired and eventually fails, leading to chronic axonal dystrophy and neurodegeneration that manifest in the accumulation of permanent disability (Dutta and Trapp, 2011; Franklin et al., 2012) . Why regenerative decline occurs in multiple sclerosis is not fully understood. One possible explanation is that the balance between inflammation and its resolution, which is critical to controlling the different facets of oligodendrocyte lineage progression in the injured CNS, is altered or dysregulated in the chronic progressive stage of the disease (Franklin, 2002; Fitzner and Simons, 2010) . The chronically inflamed landscape in the diseased CNS is likely to contribute to increasing oligodendrocyte precursor cell presence in lesions, but the failure to modulate inflammation may prevent them from differentiating into oligodendrocytes to restore myelin. Therefore, pharmacological strategies to modulate inflammation in the damaged CNS may enable myelin repair and prevent subsequent neurodegeneration in multiple sclerosis.
Macrophages display a spectrum of activation states (Murray and Wynn, 2011) . Their range in function, which is often opposing, plays a critical role in myelin repair (Kotter et al., 2001; Miron and Franklin, 2014) . In CNS injury, macrophages may be characterized functionally as proinflammatory, classically activated macrophages (CAM), or conversely as anti-inflammatory, alternatively activated macrophages (AAM) (Kigerl et al., 2009; Wynn et al., 2013; Miron and Franklin, 2014) . The spatial and temporal distribution of CAM and AAM in the injured CNS is important for successful remyelination, such that enhanced CAM activity corresponds with oligodendrocyte precursor cell proliferation and death, whereas AAM activity corresponds with oligodendrocyte differentiation/remyelination (Schonberg et al., 2007; Miron et al., 2013) . Differential macrophage distribution and corresponding activities may therefore dictate the inflammatory status of injured CNS tissues, and a disturbance in the balance of CAM and AAM activity in CNS lesions may contribute to remyelination decline (Miron and Franklin, 2014) . Indeed, an imbalanced distribution towards CAM has been found to promote relapse in rodents with experimental autoimmune encephalomyelitis (EAE), and the adoptive transfer of AAM into mice with EAE is able to significantly improve clinical status (Weber et al., 2007; Mikita et al., 2011) . These intriguing observations demonstrate the importance of CAM to AAM balance in regulating tissue repair, and suggest that AAM produce critical factors necessary to modulate inflammation and autoimmunity.
Here, we found that interleukin-4 induced one (IL4I1) is highly expressed during CNS remyelination in mice following lysolecithin-induced spinal cord demyelination. IL4I1 is a known secreted L-amino acid oxidase that oxidizes Lamino acids, namely L-phenylalanine, to corresponding a-ketoacids, hydrogen peroxide (H 2 O 2 ), and ammonia (Chavan et al., 2002) . It has been found to be expressed by immune cells, including macrophages, T cells, and B cells on stimulation by interleukin-4 (IL4), and has been shown to perform immunomodulatory functions in various tumours and bacterial infections (Chu and Paul, 1997; Copie-Bergman et al., 2003; Boulland et al., 2007; Lasoudris et al., 2011; Puiffe et al., 2013) . However, the role of IL4I1 in CNS injury or repair has not been suggested. We found that IL4I1 expression is induced in AAM through IL4 receptor signalling, and that IL4I1 is necessary to modulate the inflammatory environment to enhance CNS remyelination and prevent axonal injury. Additionally, we found that IL4I1 significantly reduces interferon gamma (IFN-g) and IL17 expression in CNS lesions and in activated CD4 + T cells from splenocytes, suggesting that the effect of IL4I1 on CD4 + T cells is critical to reduce proinflammatory macrophage activity for successful remyelination. Remarkably, intravenous injection of IL4I1 into mice with EAE significantly reduces disease severity and reverses the course of the disease. This suggests that IL4I1 has therapeutic potential for modulating the inflammation landscape in CNS lesions, thereby promoting tissue repair and preventing disease progression in multiple sclerosis.
Materials and methods

Mice
All experiments were performed in accordance with approved Institutional Animal Care and Use Committee (IACUC) protocols of Georgetown University. C57BL/6 mice were purchased from The Jackson Laboratory and Charles River. Il4i1 À/À mice were purchased from MMRRC. Il4ra À/À mice were purchased from Taconic Farms.
Focal spinal cord demyelination
Focal demyelination was induced by injecting of 1.0% lysolecithin (Sigma-Aldrich) in saline into the spinal cord ventral funiculus of male or female wild-type C57BL/6, Il4i1 À/À , or Il4ra À/À mice at 10-12 weeks old. For treated animals, 200 ng/ml of recombinant mouse IL4I1 (R&D Systems) was co-injected along with 1.0% lysolecithin into the ventral spinal cord. The animals (n = 3-5 in each group) were sacrificed at 3, 5, 10, 15 and 20 days after surgery for analysis.
Experimental autoimmune encephalomyelitis and recombinant IL4I1 therapeutic treatment C57BL/6 female mice (Charles River) at age 9-10 weeks were acclimatized for 7 days prior to EAE. EAE was induced according to the Hooke Laboratories protocol (http://hookelabs. com/protocols/eaeAI_C57BL6.html). Briefly, mice were immunized by subcutaneous injection of an emulsion of MOG in complete Freund's adjuvant (CFA) (Day 0), followed by administration of pertussis toxin (PTX) in phosphate-buffered saline (PBS) intraperitoneally, first on the day of immunization (Day 0), and then again the following day (Day 1). Pre-filled MOG 35-55 /CFA emulsion syringes and PTX were obtained from Hooke Laboratories (Cat. No: EK-2110) . Each 1 ml syringe contained $1 mg MOG 35-55 /ml emulsion, $2-5 mg killed mycobacterium tuberculosis H37Ra/ml emulsion (all concentrations adjusted by lot for consistent EAE induction). Emulsion was administered subcutaneously at two sites, 0.1 ml/site (0.2 ml/mouse total). PTX was administered intraperitoneally at 0.13 ml/dose, and repeated 24 h later. Approximately 250 ng PTX/dose or 2.5 mg/ml for each of the two PTX administrations were used. The mice were scored blindly and daily from EAE Day 7 until at least EAE Day 28 according protocol from Hooke Laboratories. The scoring system used was as follows: 0.0 = no obvious changes in motor function; 0.5 = tip of tail is limp; 1.0 = limp tail; 1.5 = limp tail and hind leg inhibition; 2.0 = limp tail and weakness of hind legs or signs of head tilting; 2.5 = limp tail and dragging of hind legs or strong head tilting; 3.0 = limp tail and complete paralysis of hind legs or limp tail with paralysis of one front and one hind leg; 3.5 = limp tail and complete paralysis of hind legs plus mouse unable to right itself when placed on its side; 4.0 = limp tail, complete hind leg and partial front leg paralysis, mouse is minimally moving but appears alert and feeding; 4.5 = complete hind and partial front leg paralysis, no movement around the cage, mouse is not alert; 5.0 = mouse is found dead due to paralysis or mouse is euthanized due to severe paralysis.
For IL4I1 treatment studies, mice were housed in groups of five per cage and identified by ear notches. The mice that developed EAE were then randomly assigned into IL4I1 treated, or PBS (vehicle) treated group within each cage in a balanced manner to achieve groups with similar time of EAE onset and similar onset scores (as recommended by Hooke Laboratories). For treatment, 100 ml of recombinant mouse IL4I1 (1 mg/ml blood volume), or PBS was injected intravenously into the tail vein at clinical score 2.0-2.5. A second dose was injected after 3 days of rest. In other experiments, mice without any treatment were used as controls. Mice were anaesthetized briefly with isofluorane before IL4I1 or PBS injections to minimize stress, while untreated mice were not handled. The clinical scores and weight of mice were recorded daily until the end of experiment. Mice that had spontaneously recovered from EAE, or did not reach a score of 3.0 were not considered in the analysis of the therapeutic study. For each experiment, 8 to 10 mice from each group were analysed.
Cell cultures
RAW 264.7 cell lines were kindly provided by Dr Steven Singer (Georgetown University, Department of Biology) and were maintained in Dulbecco's modified Eagle medium (DMEM) containing 10% foetal bovine serum (FBS). Cells were passaged every 2-3 days and were used until postnatal Day 15. Mouse primary microglia cultures were prepared from mixed glia shake-off as previously described, and kindly provided by Dr Kathleen Maguire-Zeiss, Georgetown University (Daniele et al., 2014) . Briefly, mixed glia cultures were first prepared from postnatal Day 3-5 old mouse cortices and maintained in DMEM-F12 containing 10% FBS, 1% GlutaMax TM (GIBCO), and 100 U/ml penicillin/streptomycin (GIBCO) for 2 weeks. For microglia enrichment, mixed glia cultures in sealed T-75 flasks are rotated at 200 rpm and 37 C for 5 h before supernatants containing the microglia are collected and centrifuged. For plating, the microglia pellet was resuspended and cultured in 1 mM sodium pyruvate, 0.6% v/v glucose, 1 mM L-glutamine, 100 mg/ml penicillin/streptomycin, 5% v/v FBS. BV2 cells, also provided by Dr Kathleen Maguire-Zeiss, were maintained in media containing DMEM, 10% FBS, and 100 U/ml penicillin/streptomycin (GIBCO). For CAM and AAM polarization, primary microglia, BV2 cells, and RAW264.7 cells were treated with 100 ng/ ml lipopolysaccharide or IL4 for 24 h. Primary oligodendrocyte precursor cell cultures were obtained from postnatal Day 3-5 mouse cortices using magnetic-activated cell sorting (MACS) with anti-O4 microbeads according to the manufacturers protocol (Miltenyi). Once purified, primary oligodendrocyte lineage cells were expanded in growth media (DMEM-F12 with N2, B27, penicillin/streptomycin, bovine serum albumin, PDGF and FGF) for 24 h and then differentiated in defined media (DMEM-F12, N2, B27, penicillin/streptomycin, insulin and T3) without PDGF and FGF for 48 h as previously described (Dincman et al., 2012) . In vitro experiments were replicated twice for analysis.
RNA extraction, cDNA synthesis and quantitative reverse transcription polymerase chain reaction For cells, total RNA was extracted by the RNeasy Õ Micro kit (QIAGEN). For tissue, total RNA was isolated using the TRIzol Õ Reagent protocol (Life Technologies) and homogenizer (Argos). All quantitative polymerase chain reaction (PCR) primers were purchased from Bio-Rad. SYBR Õ Green reverse transcriptase PCR was performed using the SsoAdvanced TM Universal SYBR Õ Green Supermix (Bio-Rad) and analysed by the CFX96 Touch TM Real-Time PCR Detection System (BioRad). Results were normalized against peptidylprolyl isomerase A (Ppia) for spinal cord extracts, or Gapdh for cell cultures, and were expressed as mean AE standard error of the mean (SEM). Ppia and Gapdh are recommended normalization factors for gene expression studies (Gong et al., 2014) .
In situ hybridization
Sense and antisense probes against IL4I1 were generated using primers against the mouse Il4i1 mRNA sequence (forward primer, 5'-CCAAGAGAGCTGAAGACAGCAG; reverse primer, 5'-GTAGCCCAGCTTTTCTGGCA). In situ hybridization was performed on 12 mm mouse spinal cord cryosections collected directly on SuperFrost Õ Plus slides (VWR International) as previously described (Huang et al., 2011) .
Antibodies and cytokines
Lipopolysaccharide (Escherichia coli 0111:B4) was obtained from InvivoGen. Recombinant mouse IL4 and IL4I1 were obtained from R&D Systems. The following antibodies were used for immunohistochemistry. Primary antibodies: rat antiCD11b (1:100; AbD Serotec), rabbit anti-Ym1 (1:100; StemCell Technologies), mouse anti-iNOS (1:50; BD Pharmingen), rabbit anti-Olig2 (1:300; Millipore), mouse anti-CC1 (1:300; Millipore), mouse anti-Nkx2.2 (1:100; DSHB), mouse anti-GFAP (1:400; Sigma), rat anti-Tenascin-C (1:100, Abcam), rabbit anti-NF200 (1:100; Sigma), mouse anti-SMI-32 (1:1000; Calbiochem), mouse anti-IST-9 (1:200; Abcam). Secondary antibodies: Alexa Fluor Õ 488 Goat AntiRabbit IgG (1:1000), Alexa Fluor Õ 488 Goat Anti-Rat IgG (1:500), Alexa Fluor Õ 594 Goat Anti-Mouse IgG (1:1000), Alexa Fluor Õ 594 Chicken Anti-Goat IgG (1:500) and Alexa Fluor Õ 594 Goat Anti-Rat IgG (1:500). Flow cytometry primary antibodies: PE/Cy7 anti-CD4 (BioLegend), Brilliant Violet 711 anti-T-bet (Biolegend), PE anti-RORgt (BD Pharmingen) and PerCP/Cy5.5 anti-Gata3 (BioLegend), anti-NOS2 PE (Santa Cruz Biotechnology) and anti-CD11b APC/ Cy7 (Biolegend). LIVE/DEAD Õ Fixable Yellow Dead Cell Stain Kit (Invitrogen) was used to monitor cell death.
Immunohistochemistry
Mice were perfusion-fixed with 4% (w/v) paraformaldehyde (PFA; Sigma) in PBS. Spinal cord tissue was dissected and lightly postfixed in 4% PFA at room temperature. Tissue was cryoprotected in 20% (w/v) sucrose (Sigma) in PBS before freezing in O.C.T. on the surface of dry ice. Twelve micrometre spinal cord cryosections were collected directly on SuperFrost Õ Plus slides (VWR International) and were allowed to dry for 30 min before storing at À80 C. For in vitro experiments, cells were fixed with 4% (w/v) PFA for 10 min and then washed with PBS. Sections/cells were then incubated in blocking solution [0.1% (v/v) Triton TM X-100 and 10% FBS in PBS] for 1 h at room temperature. Primary and secondary antibodies were diluted in PBS blocking solution and applied to sections/cells overnight at 4 C. Tris-buffered saline (TBS) was substituted for PBS when immunolabelling with anti-CC1. For detection of Nkx2.2 and CC1, mouse-on-mouse antigen retrieval was performed before immunohistochemistry according to the manufacturer's instructions (M.O.M. TM kit; Vector Laboratories). For immunohistochemistry of spinal cord sections from mice with EAE, roughly 1 mm of the lower lumbar spinal cord (where the most obvious pathology was) was collected from each mouse, and n = 3 sections (12 mm) were randomly chosen for immunostaining analysis.
Electron microscopy
Electron microscopy was performed on lysolecithin demyelinated mouse spinal cord sections. Lesioned mice at 10 days post-lesion (dpl) were transcardially perfused with a 0.9% NaCl solution for exsanguination followed by a 0.1 M Millong's buffering solution containing 4% paraformaldehyde and 5% glutaraldehyde (pH 7.3). Whole animal carcasses were post-fixed in the same aldehyde fixative solution for 2 weeks at 4 C. Lumbar spinal cords were harvested and stored in 0.1 M cacodylate buffer (pH 7.4) overnight to remove excess aldehyde. The following day the samples were postfixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for 1 h with constant agitation, rinsed in 0.1 M cacodylate buffer, dehydrated by serial dilutions of ethanol and infiltrated with and embedded in Poly/Bed Õ 812 resin (Polysciences). All samples were oriented for cross-section analysis. One-micrometre sections, stained with toluidine blue, were used to identify the lesioned site before collection for electron microscopy analysis. Following site identification, 90 nm sections were stained with a combination of lead citrate and uranyl acetate and used for ultrastructural evaluation. All images were collected using a JEOL JEM 1230 transmission electron microscope equipped with a Gatan Orius SC1000 side mount CCD camera.
G-ratio analysis
Axon and myelin circumference were measured using ImageJ (NIH). G-ratio was calculated as the axonal circumference (internal to the myelin layers) divided by the circumference of compact myelin (external to the myelin layers) at a given cross-section of the axon. Myelin tongues and non-compacted myelin were excluded from this calculation.
Flow cytometry
Spinal cords and spleens were collected from EAE mice at Day 35 in PBS and were mechanically dissociated. Tissues from two mice belonging to the same group were then combined and passed through 100 nm filter. Spleen samples were next incubated in red blood cell lysis buffer for 10-15 min in the dark and were then washed with PBS. Cells from spinal cords and spleens were then incubated with the anti-CD4 antibody and Live/Dead Õ . For intracellular staining, cells were incubated in Fix/Perm solution and Perm buffer (Biolegend) and were then incubated in primary antibodies. Single staining tissue samples were used for both tissue types. Cells were gated at the Georgetown Lombardi Comprehensive Cancer Center Flow Cytometry and Cell Sorting Shared Resource (FCSR).
Imaging and quantification
For quantification of immunohistochemical staining, cells were manually counted from low magnification ( Â 10 for tissues; Â 20 for cell cultures), non-overlapping images, using Adobe Photoshop. For tissues, quantification of cells was concentrated in the lesioned area, as defined by nuclear (DAPI) staining. Colocalization was determined either as a percentage (the ratio of cells expressing two markers divided by the number of cells expressing a single marker multiplied by 100) or per mm 2 (the number of cells expressing one or two markers divided by the area in m 2 Â 1 000 000). Corrected SMI-32 and NF200 fluorescence was calculated by measuring the integrated intensity minus the area of the selected region times the mean fluorescence of background reading. For all quantification a minimum of three sections from n = 3-5 mice was examined. The proportion or density of cells was determined per mouse. The average and standard error was then calculated for each group using Microsoft Excel.
Statistical analysis
All statistics were performed using GraphPad Prism 6 (La Jolla, CA, USA). Data are represented as mean AE SEM. For all other data significance was determined using two-tailed Student's t-tests, or one-and two-way ANOVA with Tukey's range test for post hoc analysis. EAE clinical score significance was determined using one-way Wilcoxon Rank-Sum Test. Exact P-values are stated where appropriate. Statistical significance is reported as not significant (n.s.), P 4 0.05, * P 4 0.05, ** P 4 0.01, *** P 4 0.001, **** P 4 0.0001.
Results
Il4i1 is upregulated in central nervous system lesions during remyelination
Remyelination occurs spontaneously in the CNS after injury (Franklin and ffrench-Constant, 2008) . It has been well established in rodents that following focal demyelination in the adult CNS, oligodendrocyte precursor cells migrate to the lesion, differentiate into mature oligodendrocytes and remyelinate axons within 1 month post-lesion (Blakemore and Franklin, 2008; Huang et al., 2011) . During remyelination, innate immune cells, such as macrophages, are necessary to promote oligodendrocyte lineage cell progression (Kotter et al., 2001; Miron et al., 2013; Dö ring et al., 2015) . To identify the immunomodulatory mechanisms that underlie the regulation of CNS remyelination, we analysed a previously published remyelination transcriptome from laser capture microdissected rat CNS lesions (Huang et al., 2011) . Here, we found that Il4i1, a gene associated with immunomodulation, is upregulated during CNS remyelination ( Fig. 1A and B ). Il4i1 exhibits a distinctive and highly dynamic differential expression profile in CNS lesions during remyelination. We found that Il4i1 displays relatively low expression at 5 dpl, a time point that corresponds with proinflammatory activity and oligodendrocyte precursor cell recruitment to lesions, but is significantly upregulated at 14 dpl, a time point that corresponds with the reduction of proinflammatory activity and oligodendrocyte differentiation/remyelination ( Fig. 1A and Supplementary Fig. 1 ). The differential expression of Il4i1 during remyelination is in opposition to the expression pattern of genes associated with proinflammatory activity, such as Mmp12 (Vos et al., 2003; Hansmann et al., 2012) . This result indicates that Il4i1 is upregulated during inflammation resolution and at the onset of oligodendrocyte differentiation, suggesting that IL4I1 may be involved in modulating inflammation or promoting remyelination.
To examine Il4i1 expression during remyelination in vivo, focal demyelination was performed by lysolecithin injection into the mouse spinal cord ventral funiculous, and analysed at 3, 10 and 20 dpl. These post-lesion time points correspond to the periods of oligodendrocyte precursor cell recruitment (3 dpl), oligodendrocyte differentiation (10 dpl), and remyelination completion (20 dpl) after demyelinating injury. Quantitative real time PCR (qRT-PCR) analysis of purified transcripts from spinal cord tissues revealed low Il4i1 expression in uninjured tissue and in lesioned tissue at 3 dpl. However, Il4i1 expression increased significantly at 10 dpl, and decreased by 20 dpl (Fig. 1B) , corresponding with the pattern of Il4i1 expression in the rodent remyelination transcriptome. Moreover, in situ hybridization analysis of mouse spinal cord sections at 10 dpl showed that Il4i1 was highly expressed in lesions compared to uninjured white matter, and that Il4i1 was detected in cells whose morphology resembled foamy macrophages (Fig. 1C) . A search in the mouse Brain RNA-Seq database (Zhang et al., 2014b) revealed that Il4i1 was enriched in microglia compared to other CNS cell populations in the cerebral cortex. Together, these findings suggest that Il4i1 is upregulated in CNS lesions and expressed in microglia/ macrophages during CNS remyelination.
IL4I1 is induced in alternatively activated macrophages through IL4 receptor signalling
To determine if Il4i1 is induced upon alternative activation in microglia and macrophages, IL4 was added to primary microglia cultures, BV2 cells (immortalized murine microglia cell line), and RAW264.7 cells (monocyte derived macrophage cell line) for AAM activation, followed by qRT-PCR analysis after 24 h for Il4i1 expression. Control cells were either left untreated, or treated with lipopolysaccharide for CAM activation. We found that lipopolysaccharide had no significant effect on Il4i1 expression in primary microglia or RAW264.7 cells, and appeared to slightly reduce Il4i1 expression in BV2 cells compared to untreated cells ( Fig. 2A-C) . By contrast, IL4 addition significantly induced Il4i1 expression in primary microglia, BV2 cells, and RAW264.7 cells ( Fig. 2A-C) . These findings suggest that microglia-derived as well as monocyte-derived AAM express Il4i1 on IL4 stimulation, and supports a recent study showing that Il4i1 is upregulated in AAM (Yue et al., 2015) . To determine if Il4i1 expression depends on AAM activity during CNS remyelination in vivo, focal spinal cord demyelination was performed on IL4 receptor alpha knockout (Il4ra À/À ) mice. These mice are deficient in both type 1 and type 2 IL4 receptor signalling, and therefore lack AAM activity and type 2 immunity (Wynn, 2015) . qRT-PCR analysis of 10 dpl spinal cord tissues revealed that Il4i1 expression was severely reduced in Il4ra À/À mouse lesions (Fig. 2D) . Moreover, in situ hybridization analysis revealed the absence of Il4i1 expression in CNS lesions in Il4ra À/À mice compared to wild-type (Fig. 2E) . These results confirm that Il4i1 expression is dependent on IL4 receptor signalling in vivo, and that alternative activation of macrophages is required for Il4i1 expression in CNS lesions during remyelination.
AAM play a role in tissue remodelling and repair, and have recently been demonstrated to drive oligodendrocyte differentiation (Kigerl et al., 2009; Miron et al., 2013; Wynn et al., 2013) . To determine if IL4I1 directly regulates oligodendrocyte differentiation, recombinant IL4I1 protein or vehicle (control) was added to oligodendrocyte lineage cells that were purified by MACS, and cultured in defined media. We found that IL4I1 addition did not affect the number of oligodendrocyte precursor cells or oligodendrocytes in vitro (Fig. 2F and G) , indicating that IL4I1 does not directly affect oligodendrocyte lineage progression, and may regulate inflammation in CNS lesions.
IL4I1 modulates inflammation in central nervous system lesions
To determine if IL4I1 modulates inflammation during CNS remyelination, focal demyelination was performed on Il4i1 knockout (Il4i1 À/À ) mice. These mice do not display obvious developmental or behavioural abnormalities (according to MMRRC repository). The absence of Il4i1 expression in CNS lesion was confirmed by qRT-PCR and in situ hybridization (Supplementary Fig. 2A and B) . To examine the distribution of proinflammatory macrophage subpopulations in lesions, immunostaining analysis for CD11b and iNOS co-labelling, corresponding to CAM, was performed on wild-type and Il4i1 À/À mice at 5, 10 and 20 dpl. In wild-type lesions, we found that the relative density of CD11b + iNOS + macrophages was high at 5 dpl, and reduced at 10 and 20 dpl ( Fig. 3A and B) . In Il4i1 À/À lesions, as in the wild-type, we observed a relatively high density of CD11b + iNOS + macrophages at 5 dpl. However, this density remained significantly elevated across all three post-lesion time points, unlike their wildtype counterparts (Fig. 3A and B) . To assess the distribution of other proinflammatory cell populations, CNS lesions at 10 dpl were co-immunostained of tenascin-C and GFAP to identify reactive astrocytes, or intracellular fibronectin (IST-9) to identify meningeal fibroblasts. We found that mice deficient in Il4i1 displayed enhanced tenascin-C + and IST-9 + staining in lesions, suggesting increased gliosis ( Supplementary Fig. 3 ). These results suggest that inflammation remains unresolved in the absence of Il4i1 expression.
To examine the distribution of anti-inflammatory macrophages in lesions, immunostaining analysis for CD11b and Ym1 co-labelling, corresponding to AAM, was performed. We found that the relative density of CD11b + Ym1 + macrophages appeared to increase from 5 to 20 dpl in wild-type lesions; however, this change was not significant due to high variability across time points (Fig. 3C and D) . In Il4i1
À/À mice, we detected relatively fewer CD11b + Ym1 + macrophages in lesions compared to wildtype at 5 dpl, but found no significant difference between the two groups at the other post-lesion time points (Fig. 3C  and D) . These results suggest the absence of Il4i1 does not affect AAM distribution in lesions. We next analysed the ratio of iNOS/Ym1 in wild-type and Il4i1 À/À lesions at 5, 10 and 20 dpl. The transition from high CAM/AAM to low CAM/AAM has been shown to be crucial for remyelination to proceed (Miron et al., 2013) . In wild-type lesions, we observed a gradual and significant reduction of iNOS:Ym1 ratio from 5 to 20 dpl, suggesting a shift from acute inflammation to its resolution. By contrast, we found that the iNOS:Ym1 ratio in Il4i1 À/À mice remained elevated at 20 dpl compared to wild-type, suggesting a failure to achieve inflammation resolution (Fig. 3E) . These results show that Il4i1 is necessary to modulate inflammation during remyelination. As IL4I1 is a secreted enzyme, we next asked if the administration of IL4I1 into CNS lesions is able to alter the state of inflammation in lesions. For IL4I1 delivery, we co-injected 
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In situ hybridization of Il4i1 in wild-type and II4ra À/À mice at 10 dpl. Spinal cord lesion is encircled. GM = grey matter, WM = white matter. Scale bar = 100 mm. Density of (F) oligodendrocyte precursor cells (PDGFRa + Olig2 + ) and (G) oligodendrocytes (CC1 + Olig2 + ) from MACS purified primary oligodendrocyte precursor cell cultures at 3 days in vitro after treatment with vehicle (1XPBS) or recombinant IL4I1 for 24 h (n = 5 images per condition). All experimental results were replicated at least twice. ** P 5 0.01, *** P 5 0.001, **** P 5 0.0001; ANOVA followed by post hoc analysis.
200 ng/ml of recombinant mouse IL4I1 with lysolecithin into the spinal cord of wild-type mice and examined its effect on macrophage distribution in CNS lesions. We found that the density of CD11b + iNOS + macrophages in IL4I1 treated lesions was high at 5 dpl, similar to that found in untreated lesions (Fig. 3A) . However, IL4I1 treatment significantly reduced the density of CD11b + iNOS + macrophages in lesions by 10 and 20 dpl (Fig. 3A and B) . This reduction was confirmed by flow cytometry analysis of spinal cord tissues from untreated and IL4I1 treated mice (Fig. 3F) . The observation that IL4I1 injection did not affect CD11b + iNOS + initially at 5 dpl, but significantly reduced their density at 10 and 20 dpl, suggests that IL4I1 injection had a delayed effect on CAM distribution in lesions, and therefore may influence macrophage activity indirectly. We also determined the effect of IL4I1 injection on AAM distribution in lesions, and found that IL4I1 treatment did not significantly influence the density of CD11b + Ym1 + macrophages at 5 or 10 dpl compared to wild-type ( Fig. 3C and  D) . However, we observed a significant decrease of IL4I1-treated mice at 10 dpl. For cell counts, n = 3-5 mice per group were used and n = 3 Â 10 magnification images per mouse were analysed. Scale bar = 100 mm.
CD11b
+ Ym1 + macrophages in IL4I1 treated lesions at 20 dpl compared to wild-type. This indicates a possible autoregulatory feedback mechanism in which IL4I1 may eventually reduce all activated macrophage subpopulations, or promote their clearance in lesions. An analysis of iNOS/Ym1 ratio revealed that IL4I1 treatment reduced proinflammatory activity in lesions at 5 dpl (Fig. 3E) . Together, these results suggest that IL4I1 injection accelerates inflammation resolution.
IL4I1 promotes central nervous system remyelination and axonal integrity
To determine if IL4I1 is required for efficient remyelination, immunostaining analysis was performed on Il4i1 À/À and wild-type mice at 5, 10 and 20 dpl. We did not Graph of relative SMI-32 signal intensity normalized to NF200. For cell counts and fluorescence intensity, n = 3-5 mice per group were used and n = 3 Â 10 magnification images per mouse were analysed. Scale bar = 100 mm for immunofluorescence images. * P 5 0.05, ** P 5 0.01, *** P 5 0.001, **** P 5 0.0001; ANOVA followed by post hoc analysis.
detect a significant difference in the relative number of Nkx2.2 + oligodendrocyte precursor cells in CNS lesions of Il4i1 À/À mice compared to wild-type in any of the post-lesion time points examined (Fig. 4A) . We also did not detect a significant difference in the relative number of CC1 + oligodendrocytes in Il4i1 À/À mice compared to wild-type at 5 or 10 dpl (Fig. 4B) . However, a significant reduction of CC1 + oligodendrocytes was observed at 20dpl in Il4i1 À/À lesions compared to wild-type (Fig. 4B) . Interestingly, CC1 + oligodendrocytes were frequently observed in the periphery of the lesion at this time point (Fig. 4C) , suggesting that oligodendrocytes within lesions had undergone cell death by 20 dpl. To examine the extent of remyelination, electron microscopy analysis was performed on CNS lesions at 10 dpl. In contrast to wild-type mouse lesions that exhibit many axons undergoing remyelination, we observed few remyelinating axons in Il4i1 À/À mouse lesions (Fig. 4D) . Moreover, g-ratio analysis revealed a significant reduction in the number of remyelinated axons in the lesions of Il4i1 À/À mice compared to wild-type ( Fig.  4E and F) . Notably, we found that Il4i1 À/À mice displayed prominent axonal dystrophy and Wallerian degeneration, which were infrequently observed in wildtype mice ( Fig. 4G and H ). Immunostaining analysis with SMI-32, an antibody that detects non-phosphorylated neurofilaments and marks dystrophic axons, showed significantly increased SMI-32 labelling in Il4i1 À/À lesions compared to wild-type (Fig. 4I ). These data indicate that Il4i1 deficiency results in significant remyelination impairment and axonal injury, and suggests that the failure to modulate inflammation results in a non-permissive environment for remyelination.
To determine if the pharmacological administration of IL4I1 can enhance remyelination, we co-injected 200 ng/ ml of recombinant mouse IL4I1 with lysolecithin into the spinal cord of wild-type mice. We found that IL4I1-treated mice displayed significantly increased numbers of Nkx2.2 + oligodendrocyte precursor cells in lesions at 5 dpl compared to untreated mice. However, by 20 dpl, the relative distribution of Nkx2.2 + oligodendrocyte precursor cells was reduced to levels comparable to those of the untreated mice (Fig. 4A) . We also found that CC1 + oligodendrocyte number in lesions was significantly greater in IL4I1 treated mice compared to untreated mice in all three post-lesion time points examined (Fig. 4B and C) . Analysis of CNS lesions by electron microscopy revealed that IL4I1 treated mice exhibited a higher proportion of axons undergoing remyelination as compared to untreated mice (Fig. 4D) . G-ratio analysis confirmed that IL4I1 treatment significantly increased the number of remyelinated axons ( Fig.  4E and F) . These results indicate that IL4I1 administration enhances CNS remyelination.
IL4I1 rescues remyelination impairment in mice deficient in IL4 receptor signalling
Because IL4I1 is downstream of IL4 receptor signalling, and our findings suggest that IL4I1 plays role in inflammation modulation and remyelination, we next asked if remyelination is also impaired in Il4ra À/À mice. Immunostaining and analysis of CNS lesions at 10 dpl after lysolecithin-mediated demyelination showed that Il4ra À/À mice displayed significantly fewer CC1 + oligodendrocytes, elevated axonal dystrophy, and increased iNOS + CD11b + macrophage number (Fig. 5A-C and Supplementary Fig. 4 ) in lesions compared to wild-type mice. Therefore, Il4ra À/À mice exhibit similar pathology in CNS lesions as that observed in the Il4i1 À/À mice. To signal intensity normalized to NF200, and (C) CD11b + iNOS + macrophages in Il4ra À/À and Il4ra À/À treated mice at 10 dpl. * P 5 0.05, ** P 5 0.01, *** P 5 0.001; ANOVA followed by post hoc analysis.
determine if IL4I1 administration can rescue remyelination impairment in Il4ra À/À mice, recombinant IL4I1 was coinjected with lysolecithin into the spinal cord of Il4ra À/À mice and the lesions were analysed at 10 dpl. We found significantly increased CC1 + oligodendrocyte density, reduced axonal dystrophy, and decreased iNOS + CD11b + macrophages in the lesions of IL4I1 treated Il4ra À/À mice compared to untreated Il4ra À/À mice ( Fig. 5A-C) . These findings suggest that IL4I1 administration modulates inflammation, thereby promoting remyelination and preserving axonal integrity in mice with impaired AAM activity and type 2 immunity.
IL4I1 modulates inflammation by reducing interferon gamma and IL17 expression
While our results indicated that IL4I1 modulates the inflammatory environment to promote CNS remyelination, its mechanism of action remained unclear. To determine if IL4I1 directly modulates the expression of the proinflammatory factor iNOS in innate immune cells, we treated purified astrocytes, microglia, and RAW264.7 cell cultures with recombinant IL4I1. qRT-PCR analysis showed that IL4I1 did not influence expression of Nos2, which encodes iNOS, in any of these cells in vitro (Supplementary Fig. 5 ). This observation suggests that IL4I1 regulates possibly other cell populations in CNS lesions in exerting its immunomodulatory effect. It has previously been demonstrated that IL4I1 regulates CD4 + T cell proliferation and interferon gamma (IFN-g, encoded by IFNG) production in vitro (Lasoudris et al., 2011; Cousin et al., 2015) .
Because IFN-g producing T cells are known to migrate to the CNS following blood-brain barrier breakdown and drive inflammation and oligodendrocyte destruction in the CNS (Ghasemlou et al., 2007; Ryu et al., 2015; Traka et al., 2016) , we hypothesized that IL4I1 modulates CNS inflammation by regulating T cell activity. To determine if IL4I1 treatment affects T cell-associated cytokine production in CNS lesions, qRT-PCR analysis was performed on lysolecithin-demyelinated spinal cord tissues following recombinant IL4I1 or vehicle treatment. We found that IL4I1 treatment dramatically reduced Ifng and Il17 expression in CNS tissues at 10 dpl, and had no effect on Il4 expression (Fig. 6A) , suggesting that IL4I1 injection modulates T-helper 1 (Th1) and Th17 cell activity in CNS lesions. To determine if IL4I1 directly regulates Ifng expression in CD4 + T cells, mouse splenocyte cultures were treated with ionomycin and phorbol myristate acetate (PMA) in the presence or absence of recombinant IL4I1 for 24 h. qRT-PCR analysis showed that IL4I1 addition significantly reduced Ifng expression in activated splenocytes (Fig.  6B) . Moreover, IL4I1 treatment did not lead to apoptosis (Fig. 6C ). This suggests that the reduction in Ifng resulted from the ability of IL4I1 to modulate T cell activity rather than an ability to decrease cell survival.
IL4I1 reverses experimental autoimmune encephalomyelitis-associated clinical symptoms by modulating CD4 + cell activation
To determine if IL4I1 can therapeutically modulate T cell activity in vivo, we examined the effect of recombinant IL4I1 administration in mice with EAE. EAE is an autoimmune-mediated inflammatory condition in the CNS that is characterized by demyelination and axonal injury (Kornek et al., 2000; Nikić et al., 2011) . For the therapeutic study, mice that developed EAE were assigned either into IL4I1 treated, or PBS (vehicle) treated group (n = 8-10 per group). In a separate experiment, mice were assigned into IL4I1 treated, or untreated control group (n = 10 per group). For treatment, 100 ml of IL4I1 (1 mg/ml blood volume), or PBS was injected intravenously into mice with EAE-first dose at clinical score 2.0-2.5, when hindlimb weakness became apparent, and a second dose 4 days later. The mice were then monitored daily for disease severity until at least 28 days post EAE induction. We found that the untreated, and PBS-treated groups displayed the typical profile of disease progression, in which complete hindlimb paralysis (clinical score 3.0-3.5) appeared by 16-18 days post EAE induction, and persisted until the end of the experiment (Supplementary Video 1) . We found that mice with IL4I1 treatment also displayed hindlimb paralysis, reaching the clinical score of 3.0. However, the clinical deficit was transient, as all of the mice subsequently recovered from paralysis ( (samples from n = 2 mice were combined for each group and analysed). (D) Immunostaining of SMI-32 (green), NF200 (red) and DAPI (blue) in spinal cord of untreated and IL4I1 treated mice with EAE at 35 days after EAE induction. Axonal dystrophy is detected by SMI-32 + NF200 + colabelling. (E) SMI-32 signal intensity normalized to NF200 in untreated, and IL4I1-treated mice showing reduced axonal dystrophy in IL4I1 treated mice (n = 3 per group). Scale bar = 100 mm. * P 5 0.05, ** P 5 0.01, *** P 5 0.001, **** P 5 0.0001; one-way Wilcoxon Rank-Sum Test (EAE), twotailed Student's t-test (SMI-32 analysis). (Fig. 7B) . Similarly, flow cytometry analysis of spleens removed from mice following completion of the EAE experiment showed a decrease in T-bet + CD4 + (2.8-fold), RORgt + CD4 + (1.7-fold), and Gata3 + CD4 + (11.7-fold) cells in the IL4I1-treated mice compared to those without treatment (Fig. 7C) . These data indicate that recombinant IL4I1 prevented Th1, Th17 and Th2 cell expansion in the CNS and spleen. To examine the extent of axonal injury, immunostaining with SMI-32 and NF200 was performed on spinal cord sections from IL4I1-treated and untreated mice at the end of the EAE experiment. We found that untreated mice with EAE displayed significant SMI-32 + NF200 + colabelling, which indicates increased axonal injury. By contrast, analysis of spinal cord sections from IL4I1-treated mice with EAE revealed reduced axonal injury compared to control mice ( Fig. 7D and E) . Together, these results suggest that recombinant IL4I1 is able to limit axonal damage by attenuating CD4 + T cell mediated inflammation.
Discussion
In multiple sclerosis, remyelination failure correlates with disease progression (Franklin, 2002; Hagemeier et al., 2012) . We found that unresolved inflammation in the CNS results in remyelination failure and axonal injury. It has been demonstrated that the level of IL4, which stimulates AAM polarization, is significantly reduced or absent in clinically active and progressive multiple sclerosis (Calabresi et al., 1998; Clerici et al., 2001) . Moreover, chronic multiple sclerosis lesions display deficient AAM, which may be a contributor of inflammation dysregulation in the CNS (Vogel et al., 2013) . In EAE, AAM induction with IL4 is essential for controlling autoimmune inflammation in the CNS (Butovsky et al., 2006; Ponomarev et al., 2007) . Moreover, AAM also provide regulatory factors, such as activin, to stimulate oligodendrocyte differentiation and remyelination (Miron et al., 2013) . We found that AAM express IL4I1, and that IL4I1 is necessary to modulate inflammation and promote myelin repair. Deficiency in IL4I1 results in enhanced and/or unresolved inflammation in lesions, leading to exacerbated axonal injury and remyelination impairment. These results suggest that a major obstacle to remyelination success is the failure to resolve inflammation in the CNS. Microglia interactions with T cells in demyelinating lesions have been suggested to play an important role in modifying the pathobiology of multiple sclerosis (Strachan-Whaley et al., 2014) . CD4 + T cells exist in many discrete subtypes, and contribute to the development of autoimmunity and inflammation (O'Garra et al., 1997; Wang et al., 2015) . These subtypes include Th1 and Th17 cells, which release proinflammatory cytokines, and Th2 and regulatory T cells (Treg) cells that induce immunosuppressive effects. Prominent infiltration of T cells into the CNS occurs following CNS injury or demyelination (Popovich et al., 1997; Ghasemlou et al., 2007; Ryu et al., 2015) . Depending on their activities, T cells may be detrimental or protective to the CNS (Moalem et al., 1999; Fee et al., 2003; Walsh et al., 2015) . It is possible that AAM are necessary to modulate T cell activity in the demyelinated CNS. Indeed, injection of either microgliaderived or monocyte-derived AAM into mice with EAE has been shown to reduce disease severity by suppressing T cell proliferation, and promoting Treg expansion (Weber et al., 2007; Zhang et al., 2014a) . Our results suggest that IL4I1 is a critical AAM-derived factor that modulates T cell activity during CNS remyelination. Although we found that IL4I1 can be induced in both alternatively activated microglia and monocyte-derived macrophages, it is unknown if microglia-derived macrophages, monocyte-derived macrophages, or both are the source of IL4I1 in CNS lesions. It remains technically challenging to discriminate the origins of macrophages once they have taken on an amoeboid or foamy morphology in lysolecithin-induced CNS lesions.
IL4I1 has been shown to suppress antigen-specific T cell proliferation and cytokine secretion (Boulland et al., 2007; Cousin et al., 2015) . We found that a single injection of recombinant IL4I1 into lysolecithindemyelinated spinal cord significantly reduced inflammation and augmented remyelination. Interestingly, IL4I1 injection did not reduce CAM distribution in lesions until 10 dpl. Similarly, IL4I1 did not affect AAM distribution in lesions initially, but reduced their distribution at 20 dpl when remyelination is complete. These results suggest that IL4I1 administration accelerated inflammation resolution. As IL4I1 modulates T cell function, and does not appear to influence macrophage/microglia activity directly, it is possible that IL4I1 administration affected proinflammatory T cells that eventually resulted in the reduction of CAM and AAM macrophages in lesions. Exactly how IL4I1 modulates inflammation in the demyelinated CNS remains unclear. We found that IL4I1 injection reduced IFN-g and IL17 expression in lysolecithin demyelinated spinal cords, thus supporting the role of IL4I1 in regulating T cell function. Although T cell infiltration into lysolecithin-mediated lesions has been thought to be rapid and transient, they may still have biological significance in injury (Bieber et al., 2003; Ghasemlou et al., 2007) . One possible explanation for the observed reduction in IFNg and IL-17 expression is that IL4I1 was co-injected with lysolecithin into the spinal cord (Day 0), thus was able to affect T cell function early in injury. It is possible that IL4I1 shifts the balance of CD4 + T cell activity in lesions from a Th1/ Th17 state to an immunomodulatory Th2 state, and this may be necessary to allow remodelling of the inflammation landscape in the injured CNS for remyelination.
Finally, we found that therapeutic injection of IL4I1 into mice with EAE significantly reduced disease severity by decreasing CD4 + T cells in spinal cord and spleen. It remains unknown whether IL4I1 alters additional cell populations, or if it modulates cytokine signalling. Moreover, it remains to be determined if the effect of IL4I1 on inflammation in lysolecithin-demyelinated lesions and EAE are achieved through similar mechanisms. As IL4I1 is an L-amino acid oxidase, it is possible that IL4I1 modulates inflammation by depleting L-amino acids and/or by stimulating H 2 O 2 production in lesions. Recently, IL4I1 has been shown to maintain the expression of Tob1, an antiproliferative protein, which is necessary to limit CD4 + T cell proliferation (Santarlasci et al., 2014) . Furthermore, Tob1 deficiency in mice with EAE results in enhanced CNS inflammation (Schulze-Topphoff et al., 2013) . In fact, individuals presenting with an initial demyelination episode who also display low Tob1 expression are more likely to progress to multiple sclerosis from clinically isolated syndrome than those with high Tob1 level (Corvol et al., 2008) . Impaired IL4I1 expression or activity may therefore drive multiple sclerosis pathogenesis by reducing TOB1 expression in T cells. Interestingly the IL4I1 gene in humans has been mapped to chromosome 19q13.3-13.4, which is a region implicated in autoimmune disease susceptibility, including multiple sclerosis (Becker et al., 1998; Chavan et al., 2002) , suggesting that dysregulated IL4I1 expression may correlate with multiple sclerosis susceptibility or pathogenesis.
In summary, we found that IL4I1 is a critical regulator of inflammation, and promotes inflammation resolution to permit spontaneous remyelination. Moreover, we found that therapeutic injection of recombinant IL4I1 significantly reduces disease severity, and improves behaviour in mice with EAE. This finding is particularly relevant in the context of multiple sclerosis therapy, as intravenous IL4I1 administrations may be able to reduce disease severity or modify the course of the disease in multiple sclerosis. IL4I1 is therefore a promising therapeutic compound for promoting CNS repair and preventing disease progression in multiple sclerosis.
